ABSTRACT-Cardiac progenitor cells (CPCs) being multipotent offer a promising source for cardiac repair due to their ability to proliferate and multiply into cardiac lineage cells. Here, we explored a novel strategy for human CPCs generation from human induced pluripotent stem cells (hiPSCs) using a cardiogenic small molecule, isoxazole (ISX-9) and their ability to grow in the scar tissue for functional improvement in the infarcted myocardium. CPCs were induced from hiPSCs with ISX-9. CPCs were characterized by immunocytochemistry and RT-PCR. The CPC survival and differentiation in the infarcted hearts were determined by in vivo transplantation in immunodeficient mice following left anterior descending artery ligation and their effects were determined on fibrosis and functional improvement. ISX-9 simultaneously induced expression of cardiac transcription factors, NK2 homeobox 5, islet-1, GATA binding protein 4, myocyte enhancer factor-2 in hiPSCs within 3 days of treatment and successfully differentiated into three cardiac lineages in vitro. Messenger RNA and microRNAsequencing results showed that ISX-9 targeted multiple cardiac differentiation, proliferation signaling pathways and upregulated myogenesis and cardiac hypertrophy related-microRNA. ISX-9 activated multiple pathways including transforming growth factor b induced epithelial-mesenchymal transition signaling, canonical, and non-canonical Wnt signaling at different stages of cardiac differentiation. CPCs transplantation promoted myoangiogenesis, attenuated fibrosis, and led to functional improvement in treated mice.
INTRODUCTION
Stem cell-based therapies hold great promise and potential for cardiac regeneration. Human induced pluripotent stem cells (hiPSCs) could potentially generate unlimited functional human cell types in vitro for autologous and personalized medicine. Previous studies have reported that induced pluripotent stem cells (iPSCs)-derived cardiomyocytes (CMs) transplantation provided functional benefits in the rodent models of myocardial infarction (MI) (1, 2) . However, poor engraftment of CM S after transplantation to the infarcted heart is a common problem that impacts the final outcome. The beneficial effects of CMs transplantation are mainly due to paracrine mechanism rather than graft cell integration with the host myocardium (2) . These limitations are possibly attributed to poor cell survival and retention under ischemic conditions, limited proliferative capacity of differentiated CMs, and lack of vascularization in the graft (3) . In addition, the arrhythmogenic risks after cardiac transplantation due to immaturity and heterogeneity of iPSCsCMs or embryonic stem cells (ESCs)-CMs remain to be resolved (4, 5) prior to their full scale application.
Cardiac progenitor cells (CPCs) offer a promising avenue for cardiac repair due to their multipotency and ability to proliferate. Previous studies demonstrated that CPCs derived from hiPSCs or ESCs are capable of differentiation into multiple cardiac lineages without teratoma formation (3, 6) . Moreover, transplantation of CPCs derived from hiPSCs and murine iPSCs more effectively improved cardiac function compared with iPSCs-CMs (7, 8) . Two recent studies reported that the CPCs derived from mouse fibroblasts spontaneously differentiated into CMs, endothelial cells (ECs), and smooth muscle cells (SMCs) in infarcted mouse hearts and improved cardiac function following MI (9, 10) . Furthermore, several clinical trials on cell therapies for cardiac diseases are ongoing using adult stem cells (11, 12) . For example, the European Consortium CARE-MI is using human CPCs isolated from the right atria appendage of donors for acute myocardial infarction treatment (13) . It has been reported recently that stage-specific embryonic antigen-1 CPCs derived from human ESCs were delivered into the infarcted area of a single patient suffering with severe heart failure, and they led to cardiac functional improvement (14) . This clinical study demonstrated a potential feasibility of generating a clinical-grade population of human ESCs-derived CPCs and provided strong encouragement for future clinical application of hiPSCs or ESCs-derived CPCs. Current strategies of human CPCs generation include isolation from atria appendage of donors and expansion in vitro (15) , derivation from hiPSCs or ESCs, which have to be converted into embryoid bodies or treated with multiple small molecules and growth factors (activin, Bone morphogenetic protein 4) (7, 16) . These strategies are labor-intensive and time-consuming, with high production costs, which limit clinical application.
Efficient cardiac-lineage priming with small molecules prior to hiPSC or hESC differentiation decreases not only risk of tumorgenecity by reducing numbers of undifferentiated cells, but also limits the risk of immune rejection. Isoxazole compounds have been shown to induce cardiac lineage priming in adipose-derived stem cells, which can be differentiated into CM that improve heart function when transplanted in the mouse model of myocardial infarction (17) . However, direct injection of ISX-9 failed to regenerate infarcted myocardium and mitigate scar tissue formation after MI but did activate cardiac muscle genes in epidcardial-derived cells (18) .The improvement in cardiac function in the later study did not persist beyond 3 days post MI. In addition, ISX-9 induced neuronal differentiation in neural progenitor cell line (19) , though the effect of isoxazole varied immensely among various brain progenitor cells from differentiation /proliferation to suppression of angiogenesis (20) . Our experimental design was quite different from Russell protocol (18) . Therefore, the rationale of our significant findings in this study was that hiPSC induced CPCs by ISX-9 were able to differentiate into cardiac lineage cells in the infarcted myocardium.
MATERIALS AND METHODS

In vitro cardiac progenitor cells differentiation from hiPSC and characterization of hiPSCs-derived cardiac cells
The hiPSCs cell line (ACS-1021) induced from human fibroblasts was purchased from American Type Culture Collection Company. Briefly, hiPSCs maintained on vitronectin coated six-well plate in mTeSR1 were dissociated into single cells using accutase (Invitrogen) at 378C for 10 min and then were seeded on to a vitronectin-coated six-well plate at 1 Â 10 6 cell/well in mTeSR1 supplemented with 5 mM ROCK inhibitor (Y-27632, Stem Cell Technology) for 24 h. These hiPSCs expressed all pluripotency markers ( Afterward cells were cultured in mTesR1, which was changed daily. At day 0, the medium was changed to RPMI medium 1640 with B-27 supplement (RPMI/ B27) minus insulin supplemented with ISX-9 (20 uM, dissolved in dimethyl sulfoxide [DMSO]) for 7 days. Schematic of protocol for the generation of cardiac progenitors is shown in Figure 1A . At days 3 and 7, cardiac genes were analyzed by RT-PCR and immunostaining. The purity of Nkx2.5 positive cells in ISX-9 treated cells was analyzed by fluorescence activated cell sorting (FACS). For CMs differentiation, after 7 day of ISX-9 treatment, culture medium was switched to RPMI/B27 with insulin for another 10 and 30 days. For ECs differentiation, culture medium was switched to endothelial growth medium-2MV medium (Lonza) for another 10 days. For SMCs differentiation, culture medium was replaced by Dulbecco's Modified Eagle Medium-F12 medium supplemented with transforming growth factor b (TGF-b) (2 ng/mL, R&D Systems, Inc., Minneapolis, Minn) and platelet-derived growth factor-BB (10 ng/mL, R&D) for 10 days. CMs, ECs, and SMCs were characterized and detailed in the supplemental appendix (see http://links.lww.com/SHK/A713). To determine the potential mechanism of cardiac differentiation induced by ISX-9 in hiPSCs, cells were treated with TGFb signaling pathway inhibitor, 5 mM LY2109761 (Selleck, Houston, Tex) or Wnt signaling pathway inhibitors, 3 mM XAV939 (Selleck) or 5 mM IWP2 (Selleck) at Day -1 and Day 0, recombinant Human WIF-1 Protein (R&D, 200 ng/mL), siWnt5, and siWnt11 at Day 3 and Day 4 respectively.
Cytoprotection and TUNEL staining
To analyze the cytoprotection of CPCs generated by ISX-9, hiPSCs treated with ISX-9 were replated in coverslips and subjected to simulated ischemia in vitro under hypoxic condition (5% CO 2 , 94% N 2 , and 1% O 2 ) at 378C in hypoxic chamber (INVIVO 2 500) for 12 and 24 h. hiPSCs were cultured in RPMI/B27 with or without 0.5% DMSO. To localize nuclear DNA fragmentation in cultured cells, in situ terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) was performed using commercial apoptosis detection kit (Roche, Pleasanton, Calif). All procedures were performed according to the directions of the manufacturer. Cells were counterstained with 4',6-diamidino-2-phenylindole to visualize nuclei. The number of TUNEL-positive cells was determined by randomly counting 10 fields (Â20) from three coverslips in the same group and was expressed as a percentage of the cells with normal nuclei. To further determine the cytoprotection by CPCs in ischemic heart, CPCs were transplanted into the infarcted mouse heart 10 min after coronary artery ligation. After 3 days, mice were sacrificed and heart tissue was processed for TUNEL staining. CMs were identified by a-sarcomeric actinin staining. Cells were counterstained with 4',6-diamidino-2-phenylindole to visualize nuclei. The number of total TUNEL-positive cells and TUNEL-positive CMs was determined by counting five fields (Â20) from border area in each heart (n ¼ 3). DPBS and hiPSCs treated hearts served as control groups.
In vitro analysis of paracrine function
To determine whether the CPCs induced by ISX-9 expressed and secreted progangiogenic and prosurvival cytokines under ischemic conditions in vitro, we performed multiple angiogenesis factors and cytokines assays (Millipore) to identify paracrine factors in induced CPCs under normal and ischemic conditions. Briefly, induced CPCs were subjected to simulated ischemia in vitro by hypoxia (5% CO 2 , 94% N 2 , and 1% O 2 ) at 378C or normal culture condition for 12 and 24 h, then the supernatants (n ¼ 4/group) were collected and centrifuged at 10,000 g for 10 min at 48C and stored at À808C. Analysis of secreted factors was performed using a Luminex-based platform (Bio-Rad Bio Plex-100) as described. hiPSCs cultured in RPMI/B27 with or without 0.5% DMSO served as control groups.
Murine model of myocardial infarction and cell transplantation
NOD.CB17-Prkdc scid /J mice were housed in an air-conditioned room with a 12 h light-dark cycle and were given standard chow with free access to tap water. Myocardial Infarction model was induced in 8 to 9-week-old NOD.CB17-Prkdc scid /J mice (The Jackson Laboratory, Bar Harbor, Maine) by left anterior descending artery (LAD) ligation under 2% inhaled isoflurane anesthesia. Briefly, the heart was exposed by left-sided limited thoracotomy and the LAD was ligated with a prolene #8-0 suture. Myocardial ischemia was confirmed by color change of the left ventricular wall. Mice were randomized into three groups: Ischemic control group injected with DPBS without cells; Ischemic group injected with 1 Â 10 6 hiPSCs (undifferentiated hiPSCs); Ischemic group injected with 1 Â 10 6 CPCs (ISX-9 induced CPCs). The cells were injected 10 min after LAD ligation at two sites of border area. For postengraftment tracking of the transplanted cells and determination of their fate, the cells were labeled with PKH-26 (Sigma, Product # PKH-26-GL) according to the manufacturer's instructions. The chest was closed and the mice were allowed to recover. Buprenorphine was used as analgesic. Mice were euthanized by inhalant isoflurane (5%) overdose followed by cervical dislocation. The experimental protocols were approved by the University of Illinois at Chicago Animal Care and Use Committee (ACC NO.16-181) and the procedures were performed in accordance with the guide for the Care and Use of Laboratory Animals by the Institute of Animal Resources.
The cardiac function measurement by echocardiography was performed at different time points over a period of 3 months after MI as previously described. Mice were sacrificed post 3 months MI and hearts were removed for scar tissue measurement and histological analysis.
Vessel density assessment
Vessel density was assessed in nine animals (three in each group) sacrificed at 3 M after MI. The number of vessels was counted in a blind fashion on 27 sections (three sections per heart) in the infarct and border areas of all mice after staining with an antibody, anti-CD31 or alpha smooth muscle actin (a-SMA) using a fluorescence microscope at a Â400 magnification. Vascular density was determined by counting CD31 positive vascular structures and arteriole density was determined by counting a-SMA positive vascular structures. Five highpower fields in each section were randomly selected, and the number of vessels in each field was averaged and expressed as the number of vessels per highpower field (0.2 mm 2 ).
RNA-sequencing in CPCs generated by ISX-9 treatment
Messenger RNA (mRNA)-sequencing transcriptome analysis was performed to reveal differences in gene expression among undifferentiated hiPSCs, DMSO, or ISX-9 treated hiPSCs (n ¼ 4). Global microRNA (miRNA) expression profiles in undifferentiated hiPSCs, DMSO, or ISX-9 treated hiPSCs were also determined. mRNA-sequencing and miRNAsequencing were performed by Core Genomics Facility and DNA services facility at University of Illinois at Chicago. The accession number in GEO for the RNA-sequencing data reported in this paper: GSE95389 and GSE 95390.
FIG. 1. Generation and characterization of hiPSC-derived cardiac progenitor cells (CPCs).
A, Schematic outline of generation of hiPSC-CPCs. B, Bright field of hiPSC treated with DMSO or ISX-9 in RPMI/B27 minus insulin at Day 0, Day 3, and Day 7. C, Time-dependent expression of Nkx2.5, GATA4, ISL-1, and Mef2c.
* Versus Day 0, P < 0.05; # versus Day 3, P < 0.05, from three biological repeated experiments. D, ISX-9 upregulated expression of Nkx2.5, GATA4, ISL-1, and Mef2c at day 7 compared with DMSO group, * versus DMSO group, P < 0.05, from three biological repeated experiments. E, Fluorescence activated cell sorting analysis (FACS) showing 96.5 AE 2.3% Nkx2.5 positive cells after ISX-9 treatment. F, Immunofluorescence staining showed that transcription factors (Nkx2.5, GATA4, and ISL-1) were highly upregulated in hiPSC treated with ISX-9. Scale bar represents 200 mm. GATA4 indicates GATA binding protein 4; hiPSCs, human induced pluripotent stem cells; ISL-1, islet-1; ISX, isoxazole; Mef2c, myocyte enhancer factor-2; Nkx2.5, NK2 Homeobox 5.
Detailed information on immunohistochemistry, infarct size measurement, flow cytometry, ultrastructure analysis by electron microscopy, echocardiography, qPCR, and bioinformatics analysis are provided in supplemental appendix (see http://links.lww.com/SHK/A713).
Statistical analysis
Data were expressed as mean AE SEM. Normal distribution of the data sets was always verified. Statistical analysis of differences between two groups was compared by Student t test. Statistical analysis of differences was compared by analysis of variance (ANOVA) with Bonferroni correction for multiple comparisons. Two-way repeated measures of ANOVA were used in analyzing cardiac function data at different time points. A probability value of P < 0.05 was considered statistically significant.
RESULTS
Cardiac differentiation and characterization of hiPSCsderived cardiac-lineage CMs, ECS, and SMCs
Compared with DMSO treated hiPSCs, ISX-9 treatment promoted formation of clusters of proliferating cells in RPMI/B27 differentiation medium (Fig. 1B, S3 , see http:// links.lww.com/SHK/A716). Real-time PCR results showed that ISX-9 dramatically induced the expression of multiple CPCs related genes in hiPSC. As shown in Figure 1C , Nkx2.5, GATA4, ISL-1, and Mef2c upregulation was observed after 3-day ISX-9 treatment and further enhanced after 7-day treatment (except GATA4). As compared with DMSO treated cells, ISX-9 increased expression of the above cardiac transcription factors (Fig. 1D) . Immunofluorescence staining also showed that transcription factors (Nkx2.5, GATA4, and ISL-1) were highly expressed in hiPSC after 7-day ISX-9 treatment (Fig. 1F and Fig. S4 , see http://links.lww.com/SHK/A717, S5, see http://links.lww.com/SHK/A718) and by FACS 96.5 AE 2.5% cells were Nkx2.5 were positive, suggesting the high purity of CPCs generation (Fig. 1E) . These Nkx2.5 þ cells were multipotent and directly differentiated into all three cardiovascular lineages, including CMs, ECs, and SMCs in basal differentiation conditions without any specific induction signaling molecules (Fig. 2, Fig. S6 , http://links.lww.com/SHK/A719). These cardiac cells expressed CMs-, ECs-, and SMCs-specific proteins. By transmission electron microscopy (TEM), the developing CMs were rich in endoplasmic reticulum with ribosomes, developing myofilaments, mitochondria, and glycogen particles. Chromatin material was uniformly distributed in the nucleoplasm (Fig. 2B) . Beating by differentiated cardiomyocytes from CPCs was observed at day 12 (supplemental video, http://links.lww.com/SHK/A712). In addition, the differentiated ECs exhibited a similar phenotype and function to primary ECs. Formation of tube-like structures and low-density lipoprotein-uptake were observed in differentiated ECs (Fig. 2,  D (Fig. 2G) . Moreover, ISX-9 acts as a very strong differentiation inducer in hiPSCs even when hiPSCs were cultured in mTeSR1 undifferentiation medium (Fig. S3, see http: //links.lww.com/SHK/A716). In mTeSR1 undifferentiation medium, ISX-9 could still induce Nkx2.5, GATA4, and ISL-1 expression in part of the cultured hiPSCs (Fig. S4 , http://links.lww.com/SHK/A717). Taken together, these results suggest that successful generation of CPCs by a novel small molecule ISX-9 is remarkable.
Potential key signaling pathways and miRNAs expression mediated by ISX-9 treatment
We performed transcriptome analysis to reveal differences in gene expression in hiPSC by ISX-9 treatment. mRNA-sequencing showed different gene expression profile among groups (Fig. 3A) . Accordingly, we attempted to discover possible related signaling pathways regulated by ISX-9. Signaling pathway enrichment analyses of upregulated and downregulated genes in different groups were shown in Figure 3C . As compared with DMSO treatment and undifferentiated hiPSCs (Fig. 3C and Fig. S7 , see http://links.lww.com/SHK/A720), ISX-9 promoted WNT and cytoskeleton remodeling and TGFb induced epithelial-mesenchymal transition (EMT) signaling, which were involved in cardiac differentiation. In addition, other genes were related to cardiac differentiation signaling pathways, for example, development of PIP3 signaling in cardiomyocytes, muscle contraction and NF-AT hypertrophy signaling. Interestingly, by real-time PCR we found that the expression of Wnt3a, the key activator of canonical Wnt signaling pathway, was dramatically upregulated at day 3 and day 7 compared with undifferentiated hiPSCs. Wnt3a expression was not significantly different at day 3 and day 7. However, the expression of Wnt5a and Wnt11, the trigger molecules of non-canonical Wnt signaling pathway, was upregulated at day 7 but not at day 3 (Fig. 4A ). In comparison with the DMSO-treated group, ISX-9 induced upregulation of Wnt3a, Wnt5a, and Wnt11 (Fig. 4B ). Continuous treatment with ISX-9 for 7 days increased expression of Wnt5, Wnt11, and cardiac transcription factors (Nkx2.5, Mef2c, GATA4, and ISL-1) compared with treatment only for 3 days (Fig. 4, C and  D) . We further verified the mRNA-sequencing results using TGFb signaling pathway inhibitor, LY2109761, Wnt signaling pathway inhibitors, XAV939, and IWP2. Schematic description of the protocol is shown in Figure 4E . The real-time PCR results showed that inhibition of TGFb signaling pathway and canonical Wnt signaling pathway in the initial differentiation stage significantly decreased expression of cardiac transcription factors (Nkx2.5, Mef2c, GATA4, and ISL-1) (Fig. 4F) , suggesting the critical role of TGF-b induced EMT signaling and canonical Wnt signaling in ISX-9 induced cardiac differentiation. Knock down of Wnt5a or Wnt11 using siRNA at late differentiation stages significantly inhibited expression of cardiac transcription factors in ISX-9 treated cells (Fig. 4G) . Efficiency of knock down for Wnt5a and Wnt11 is shown in Fig. S8 (see http://links.lww.com/SHK/A721). In addition, treatment with WIF-1 during the late stage, a non-canonical Wnt signaling pathway inhibitor, showed the similar result (Fig. 4G) , suggesting non-canonical Wnt signaling pathway was involved in ISX-9 induced cardiac differentiation. Moreover, signaling pathway enrichment analyses also revealed other beneficial effects by ISX-9 on cell proliferation, migration, and anti-apoptosis. A series of genes related to migration, proliferation, and anti-apoptosis signaling were upregulated by ISX-9; meanwhile, genes related to DNA damage and oxidative stress were downregulated. In addition, miRNA-sequencing showed several myogenesis-related miRNAs and also upregulation of cardiac hypertrophy-related miRNAs, including miR-335, miR-21, miR-30c, and miR-214 (Fig. 3B) .
Cytoprotection of hiPSCs-CPCs against ischemia
To determine whether the induced CPCs exhibit cytoprotective effects, we cultured hiPSC with different treatments under hypoxic condition. Culturing of these cells under 1% O 2 for 12 and 24 h resulted in cell death with or without DMSO treatment. TUNEL assay revealed dramatic increase in apoptotic   FIG. 2 . In vitro differentiation of CPCs into three cardiac lineage cells. According to treatment outline, the CPCs expressed CM, EC, SMC specific proteins. A, CM progenitors expressed a-sarcomeric actinin, cTnI, MLC2 v, cTnT, and Cx43, scale bar ¼ 50 mm. B, Under TEM, these cells were rich in endoplasmic reticulum (ER) studded with ribosomes, developing myofilaments (mf), mitochondria (arrowhead), and glycogen particles. Nuclear chromatin material (N) was uniformly distributed in the nucleoplasm. C, Endothelial progenitors expressed VE-cadherin and CD31, scale bar ¼ 200 mm. Low-density lipoprotein uptake by these cells was observed (D) and these also formed tube-like structures (E cells in hiPSC from mock and DMSO control groups due to hypoxia of 1% O 2 , while fewer apoptotic cells were noted in ISX-9-treated cells (Fig. 5, A and B) . Approximately, 70% AE 2.5% and 80% AE 6.5% cells underwent apoptosis in the DMSO group after 12 h and 24 h 1% O 2 exposure, respectively. However, ISX-9 treatment reduced the apoptotic cells to 15% AE 3.5% and 24% AE 4.3% after 12 h and 24 h 1% O 2 exposure, respectively (Fig. 5C) . Furthermore, CPCs transplantation reduced apoptosis in the border area of infarcted hearts after 3 days post-MI (Fig. 5, E-G) . We then performed multiple cytokines assays to identify paracrine factors that might be responsible for these cytoprotective effects. Several cytokines were significantly increased with ISX-9 treatment under normoxia or hypoxic stress (1% O 2 ) for 12 or 24 h respectively, compared with DMSO treatment (P < 0.05). These protective cytokines included anti-apoptosis factors (angiopoietin-2, IL-6, MMP-1, PDGF-BB, and TIMP-1), cell migration inducing factors (angiopoietin-2, IL-8, MCP-1, MMP-9, and VEGF-A), and angiogenesis factors (angiopoietin-2, PDGF-BB, and VEGF-A). Compared with normoxia condition, 24 h hypoxic stress further increased concentrations of all these protective cytokines (P < 0.05) (Fig. 4D and (n ¼ 13 in DPBS group; n ¼ 16 in CPCs and hiPSCs group). The pathological remodeling of LVESD and LVEDD was also significantly reduced in CPCs treated hearts as compared with DPBS and hiPSCs treated mice (Fig. 6E) . In parallel to functional indices, significant smaller scar size in mice transplanted with CPCs 3 months post-MI was observed in comparison with DPBS and hiPSCs treated mice (Fig. 6, F-H) . These data suggest that transplantation of CPCs attenuates cardiac remodeling after MI.
In vivo differentiation and growth of hiPSC-CPCs after transplantation into infarcted myocardium
We directly injected hiPSC and hiPSC-CPCs along the infarcted area of left ventricle. We observed extensive survival, proliferation, and differentiation of PKH-26 labeled cardiac progenitors 2 months and 3months after transplantation in the infarcted region. Immunofluorescence analyses showed colocalization of PKH-26 red fluorescence and a-sarcomeric actinin or human-specific cardiac troponin T (cTnT) staining (Green fluorescence) at 2 months (Fig. S10, see http: //links.lww.com/ SHK/A723) and 3 months (Fig. 7, A and B) after MI, suggesting that the transplanted CPCs grew into new CMs which replaced scar tissue. The total number of transplanted human cells retained in the peri-infarcted area was significantly higher in CPCs treated mice when compared with hiPSCs treated mice 72 h post-MI using human mitochondria antigen tracking (30.03 AE 1.69% vs. 6.27 AE 0.85%) (Fig. 7, E to G) . Moreover, we analyzed the number of differentiated CMs from transplanted CPCs or hiPSCs in the peri-infarcted area by staining myocardial sections for human mitochondrial antigen and cardiac troponin I expression. At 3 months post-MI, the number of differentiated CMs from transplanted CPCs was detected in the peri-infarcted area by 8-fold when compared with hiPSCs transplanted hearts (Fig. 7, H-J) . In addition, engrafted CPCs differentiated into ECs and SMCs which formed vascular structures in the border area of infarcted hearts (Fig. 7, C  and D) . No tumor formation was observed in the hearts from any of the transplanted animals used in this study (n ¼ 16), which were examined by echocardiography and histological sections. These observations support the idea that CPCs generated by ISX-9 successfully engrafted and differentiated into three cardiac lineages, which formed new CMs and blood vessels in the infarcted heart.
Transplantation of hiPSC-CPCs enhanced vasculogenesis in infarcted area
Angiogenesis could contribute to cardiac function improvement after ischemia. Therefore, we further determined whether transplanted CPCs could promote angiogenesis in the infarct and border areas of infarcted heart 3 months after ischemic injury, we found CPCs significantly increased vascular density and arteriole density in the infarct and border areas compared with DPBS and hiPSC treated groups (Fig. S11 , see http:// links.lww.com/SHK/A724). The increased neovascularization in border zone might be due to paracrine mechanisms in the host myocardium while the CPC differentiation process may also be positively impacted by paracrine mechanism.
DISCUSSION
In the present study, we successfully generated human CPCs from hiPSCs using a simple novel method without using cumbersome intermediate cocktails of small molecules and growth factors. These CPCs protected themselves by releasing cytokines against ischemic environment. After transplantation, they differentiated into multiple cardiac lineage cells and covered the scar area with new myofibers and vessels in the infarcted heart. These CPCs also showed long-term beneficial effects on cardiac function improvement reflecting higher FS and EF.
According to our study, as early as 3 days treatment with ISX-9 promoted simultaneous upregulation of multiple cardiac transcription factors in hiPSCs with ISX-9. Therefore, induction of several transcription factors with ISX-9 (ISL1, Nkx2.5, GATA4, and Mef2c) initiated multilineage differentiation program in hiPSC. At the end of 7 days' treatment with ISX-9, these CPCs can be separately converted into myocytes, EC, and smooth muscle progenitors.
The primary aim of cell regenerative medicine is the replacement of the dead cells with the new cells to restore the cardiac structure and function. The regenerative field at the present is controversial due to conflicting results ranging from no new cell formation to sparse newly formed cells in the infarcted tissue (2, 4, 9) . However, the majority of studies provide alternative explanation of cell therapy due to beneficial effects caused by paracrine factors which reduce cell death and stimulate cell migration and proliferation (21) (22) (23) . Our study supports both these concepts that are complimentary to each other. Our results demonstrate that CPCs were tolerant to ischemic condition and bestowed additional protection to resident CMs in ischemic heart by preventing cell death. Furthermore, these CPCs also released angiogenesis factors in a paracrine manner. We found CPCs transplantation increased vessel density in the infarcted heart, which is partly due to these angiogenesis factors released from CPCs. Consistent with cytokine and signaling pathway enrichment analyses, ISX-9 provided additional beneficial effects on cell proliferation, migration, and apoptosis, thus assuring cell survival and successful engraftment of transplanted CPCs. Poor engraftment of transplanted CMs in previous studies might be due to lack of oxygen and nutrition in the infarcted myocardium. Here, our CPCs showed anti-oxidant effects, which might partly overcome the problem of poor cell survival in ischemic heart. Previously, it was reported that approximately 10% of cells were retained in the border area (24) . However, in our study the higher rate of CPCs retention and survival suggest that our CPCs were more tolerant to ischemia in the ischemic environment. This was further supported by our data that about 16.93 AE 1.5% of newly differentiated CMs were observed in the border area of the infarct hearts in CPCs-treated mice 3 M post-MI. It is also possible that sustained release of cytokines from the engrafted CPCs and differentiated cells might have mediated protection and promoted regeneration. The engrafted CPCs not only survived but formed new CMs and blood vessels to replace scar tissue in ischemic myocardium as supported by the current data.
To understand the possible underlying mechanism of cardiac differentiation induced by ISX-9, we performed RNA-sequencing in hiPSC treated with ISX-9. Interestingly, with global transcriptome analysis, we discovered that ISX-9 upregulated genes related to multiple cardiac differentiation signaling pathways including WNT and cytoskeleton remodeling and TGF-b induced EMT signaling, VEGF and activin A signaling, which strongly pointed out that ISX-9 targets multiple signaling pathways necessary for cardiac differentiation. Of note, TGF-b family members, bone morphogenetic protein and activin, WNT and FGF family members are known to be crucial for cardiac development. For example, TGF-b is expressed early in the cardiac region of the mesoderm (25) . Growth factors and small molecules have been used for the induction of cardiac differentiation in stem cells via manipulation of these key developmental pathways. TGF-b has been reported to induce differentiation of bone marrow stem cells into immature CMs and induce cardiac differentiation in ESCs (26) . Inhibition of TGF-b activity inhibited induction of the cardiac transcription factor Nkx2.5 (26) . Blockade of TGF-b signaling with LY2109761 decreased expression of cardiac transcription factors induced by ISX-9, which validated our RNA-sequencing data. WNT proteins have been shown to play multiple roles during cardiac development and differentiation. Wnt/ b-catenin signaling enhanced early cardiac development but later it showed negative influences on cardiac specification (27) . It was demonstrated that temporal modulation of Wnt/ b-catenin signaling using an inhibitor promoted robust cardiomyocyte differentiation (28) . In contrast, non-canonical Wnt signaling promoted cardiac specification. Wnt5a was upregulated by Mesp1 and may play a role in cardiogenesis (27) . Wn5a/ Wnt11 could trigger a cardiogenic program in mesenchymal stem cells or bone marrow stem cells via the activation of PKC (27) . Of note, Wnt5a and Wnt11 mainly triggered non-canonical Wnt signaling, which have been shown to inhibit canonical Wnt signaling through multiple mechanisms (27) . Additionally, Wnt5a and Wnt11 were reported to inhibit canonical Wnt pathway and subsequently promoted cardiac progenitor generation via the caspase-dependent degradation of AKT (29) . Wnt5a and Wnt11 were essential for second heart field progenitor development (30) . Additionally, non-canonical Wnt pathways have been linked to cytoskeletal rearrangements (30) . The pathway enrichment analysis confirmed that genes related to WNT and cytoskeleton remodeling and Wnt5a were upregulated by ISX-9. Moreover, the real-time PCR results showed that ISX-9 induced Wnt3a upregulation in the initial stages of CPC differentiation while Wnt5a and Wnt11 were upregulated in the later stages. Inhibition of Wnt pathway both in the early and later stages resulted in decreased expression of cardiac transcription factors. Consistent with findings from a previous study (30) , our results showed that knock down of either Wnt5 or Wnt11 led to a dramatic decrease of cardiac transcription factor expression, suggesting their required participation in cardiac progenitor generation. Taken together, these results further supported that ISX-9 might promote cardiac differentiation and specification via temporal and sequential regulation of canonical and non-canonical Wnt signaling. Different cells might have different responses to ISX-9 treatment. It was demonstrated that in neural progenitor cells, ISX-9 treatment promoted them toward neurons (19) . Based on our results, ISX-9 might induce mesoderm and cardiac mesoderm differentiation in hiPSCs via activation of TGF-b induced EMT signaling and canonical Wnt signaling in the initial stage while continuous ISX-9 stimulation led to upregulation of Wnt5 and Wnt11 in the late stage of CPC formation. Blocking activation of canonical Wnt signaling during the later phase of cardiac differentiation was accompanied by significant up-regulation of non-canonical Wnt expression (31) . Interestingly, a loss of Wnt5a and Wnt11 led to a dramatic loss of second heart field progenitors and was accompanied by an increase in canonical Wnt signaling in the developing heart (30) . These studies suggest a cross-talk between canonical and non-canonical signaling during cardiogenesis. More interestingly, ISX-9 induced time-dependent expression of cardiac transcription factors, and targeted multiple developmental signaling pathways which need further investigation. In addition, the role of ISX-9 in muscle gene development was further strengthened by upregulation of genes related to development of PIP3 signaling in cardiomyocytes, muscle contraction and NF-AT hypertrophy signaling pathways Thus, our results strongly suggest that ISX-9 is a strong promoter of cardiac differentiation in iPSCs.
ISX-9 in light of its role in cardiac differentiation through diverse signaling pathways also activated myogenesis miRNAs and cardiac hypertrophy-related miRNAs including miR-335, miR-21, miR-30c, and miR-214. These miRs are known to play a positive role in myogenic differentiation or muscle regeneration (32) . The most abundant miRNAs in cardiac muscle are miR-let-7, miR-30c. miR-let-7 family played a key role in normal cardiac maintenance and also maturation of stem cellderived CMs (33) . Moreover, miR-21 was involved in cardiac hypertrophy and was highly expressed in the fetal heart (34). miR-30c and miR-335 were shown to be upregulated in mouse stem cells and CMs, implying their potential roles during heart development (35) . However, further studies are needed to better understand the underlying mechanism in the regulation of miRNAs and signaling pathways important in cardiac differentiation of stem cells.
CONCLUSION
This study demonstrates a novel technique of producing pure CPCs from hiPSCs using a single cardiogenic small molecule, ISX-9 with robust muscle differentiation potential through diverse signaling pathways. These CPCs were multipotent and differentiated into three cardiac lineages to form new CMs and vessels in the infarcted heart improving functional indices by reducing fibrosis.
